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ARTICLE  INFO 


ABSTRACT 


Article  histoiy: 

Received  14  July  2014 
Received  in  revised  form 
24  September  2014 
Accepted  24  September  2014 
Available  online  2  October  2014 


Keywords: 

Metal  oxide  nanoparticles 
Electrocatalyst 
Alkaline  fuel  cells 
Oxygen  reduction  reaction 
Sonochemistry 


In  this  work,  we  synthesized  a  series  of  manganese  cobalt  spinel  oxide  (MnxCo3_x04)  nanoparticles  (NPs) 
covering  the  whole  composition  range  (x  =  0.0.  0.4,  0.8,  1.4,  1.9,  and  3.0)  and  investigated  their  elec¬ 
trocatalytic  properties  in  relation  with  the  oxygen  reduction  reaction  (ORR)  in  alkaline  media.  The  NP 
samples  were  synthesized  by  sonochemical  reactions  of  Mn(OAc)2  and  Co(OAc)2  (Ac  =  acetyl)  in  a  water- 
dimethylformamide  mixed  solvent.  The  four  samples  in  the  Co-rich  side  have  the  cubic  structure 
whereas  the  other  two  samples  in  the  Mn-rich  side  have  the  tetragonal  structure.  The  X-ray  photo¬ 
electron  spectroscopy  and  electrochemical  analyses  data  indicate  that  the  distribution  of  manganese  and 
cobalt  ions  between  the  two  metal  ion  sites  of  the  spinel  structure  in  our  NP  samples  conforms  to  that  of 
the  bulk  counterparts  in  the  literature.  The  electrocatalytic  data  show  that  the  ORR  mechanism  is 
changed  when  the  structure  is  changed  from  cubic  to  tetragonal.  The  highest  ORR  activity  was  observed 
with  the  x  =  0.4  sample.  The  electrochemical  stability  of  this  sample  is  higher  than  that  of  commercial 
Pt/C. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Oxygen  reduction  reaction  (ORR)  is  a  key  process  in  energy 
conversion  and  storage  systems  such  as  fuel  cells  and  metal-air 
batteries  1-5  .  The  development  of  highly  efficient  electro¬ 
catalysts  to  be  used  at  the  cathode  has  been  an  important  issue 
because  of  the  sluggish  kinetics  and  the  high  overpotential  of  ORR. 
Typically,  Pt  nanoparticles  (NPs)  supported  on  porous  carbon  have 
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been  considered  as  electrocatalyst  for  their  relatively  low  over¬ 
potentials  for  ORR.  However,  the  high  cost  and  limited  resources 
of  Pt  are  major  challenges  for  commercialization. 

Recently,  electrocatalysts  based  on  non-precious  materials  have 
been  investigated  to  replace  Pt.  In  many  literature  works,  various 
nitrogen-doped  carbon  materials,  oxide  materials  especially  with 
the  spinel-type  and  perovskite-type  structures,  and  macrocyclic 
complexes  have  been  synthesized  and  tested  as  candidates  for  ORR 
electrocatalysts  [6-9  .  Among  these,  transition  metal  spinel  oxides 
such  as  C03O4  and  Mn304  exhibit  promising  ORR  activity  in  alkaline 
media,  comparable  to  that  of  Pt  [5,10  .  In  addition,  ORR  activity  of 
various  mixed  metal  spinel  oxides  (i.e.,  MnCo204,  NiCo204,  and 
MnFe204)  has  been  investigated  [11-13  .  According  to  these 
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reports,  the  mixed  metal  oxides  showed  enhanced  electrochemical 
properties  from  single  metal  oxides  for  ORR.  Generally,  mixed 
metal  oxides  have  good  electrical  conductivities  through  electron 
hopping,  which  can  contribute  to  the  enhancement  of  electro- 
catalytic  activity  [13,14  . 

The  present  work  is  on  MnxCo3_x04  spinel  oxide  NPs  and  the 
effect  of  composition  on  the  ORR  activity  in  alkaline  media.  Spinel 
oxides  have  the  general  formula  (A)[B]204.  The  structure  is  often 
described  as  a  cubic  close-packed  arrangement  of  O2-  ions  with  the 
A  and  B  sites,  respectively,  representing  one  eighth  of  the  tetra¬ 
hedral  and  a  half  of  the  octahedral  interstitial  sites.  The  A  and  B 
sites  are  typically  occupied  by  one  divalent  and  two  trivalent  ions. 
Their  distribution  between  the  tetrahedral  and  octahedral  sites 
depends  on  the  electronic  structures  of  the  ions  and  other  factors, 
which  can  be  a  means  to  control  the  properties  of  spinel  oxides 
[15,16]. 

Because  of  the  aforementioned  beneficial  effects  of  mixed  metal 
oxides,  electrocatalysis  on  MnxCo3_x04  has  attracted  some  in¬ 
terests.  For  instance,  Gautier  et  al.  reported  that  ORR  activity  of 
MnxCo3_x04  (x  =  0.0-1.0)  thin  films  increases  as  the  Mn  content 
increases  17].  Various  synthetic  techniques  have  been  used  to 
synthesize  MnxCo3_x04  NPs  including  sol-gel  process,  sol¬ 
vothermal  method,  and  thermal  decomposition  of  CoMn  layered 
double  hydroxide  [18-20  .  However,  the  electrocatalytic  properties 
have  been  investigated  only  on  a  few  selected  compositions  prob¬ 
ably  because  each  one  of  these  methods  has  limitations  in  covering 
the  whole  composition  range.  Although  the  solid  solution  in  the 
whole  composition  range  has  been  synthesized  by  the  ceramic 
method,  the  samples  generally  have  very  small  surface  areas,  un¬ 
suitable  for  electrocatalysis  studies  [21]. 

Here,  we  synthesized  MnxCo3_x04  NP  samples  covering  the 
whole  range  of  composition  (x  =  0.0,  0.4,  0.8, 1.4, 1.9,  and  3.0)  using 
a  sonochemical  reaction  method.  Structural  and  electrochemical 
analyses  of  the  samples  were  preformed  to  understand  the  effects 
of  composition  to  their  ORR  activity. 

2.  Experimental 

2.2.  Preparation  of  MnxCo3_x04  NP  samples 

Mn-substituted  cobalt  oxides  with  various  compositions  were 
synthesized  by  sonochemical  reactions.  First,  Co(OAc)2  (Fluka), 
Mn(OAc)2  (Fluka),  and  0.02  g  of  porous  carbon  (Ketjen  Black  300  J) 
were  added  into  a  mixed  solvent  of  dimethylformamide  (30  mL) 
and  distilled  water  (5  mL).  The  amounts  of  metal  precursors  were 
adjusted  from  0  to  1.5  mmol  for  both  Co(OAc)2  and  Mn(OAc)2.  The 
dispersion  solution  was  irradiated  by  a  high-intensity  ultrasound 
(Sonic  and  Materials,  VC-500;  30%  amplitude;  20  kHz;  13  mm  solid 
probe)  for  2  h.  The  reaction  temperature  was  keep  at  130  °C  by  an 
external  heating.  After  the  sonochemical  reaction,  the  product 
slurry  was  filtered,  washed  with  excess  ethanol  and  dried  under  a 
vacuum. 

2.2.  Electrochemical  measurements 

5  mg  of  a  sample  was  put  into  2.5  mL  of  distilled  water  and  then 
the  solution  was  sonicated  until  a  homogeneous  suspension  was 
formed.  5  pL  of  the  suspension  was  loaded  on  a  glassy  carbon 
electrode  (d  =  3  mm,  area  =  0.0707  cm2)  to  form  a  thin  film  and 
dried  at  room  temperature.  To  prevent  the  loss  of  sample  into 
electrolyte,  5  pL  of  a  0.05  wt.  %  Nation  solution  was  dropped  over 
the  thin  film  on  glassy  carbon  electrode. 

Electrochemical  analyses  were  conducted  by  a  potentiostat 
(Ivium  compactstat,  Ivium  technology)  with  a  standard  three 
electrode  electrochemical  cell.  A  Ag/AgCl  (sat'd  KCl)  and  a  Pt  net 


were  used  for  reference  and  counter  electrodes,  respectively.  Before 
each  electrochemical  measurement,  the  working  electrode  was 
cleaned  by  potential  cycling  for  50  cycles  between  -0.6  V  and  0.0  V 
(vs.  Ag/AgCl).  Cyclic  voltammograms  (CVs)  were  recorded  in  a  N2 
saturated  0.1  M  KOH  aqueous  solution  at  a  scan  rate  of  50  mV  s_1. 
Linear  sweep  voltammograms  (LSVs)  were  recorded  in  a  02  satu¬ 
rated  0.1  M  KOH  aqueous  solution  at  a  scan  rate  of  10  mV  s^1. 
Chronoamperometry  was  measured  to  evaluate  the  electro¬ 
chemical  durability  of  electrocatalysts  at  -0.5  V  (vs.  Ag/AgCl)  for 
10,000  s.  The  potential  ranges  in  the  present  work  are  referred  to 
the  reversible  hydrogen  electrode  (RHE). 

2.3.  Characterization 

Powder  X-ray  diffraction  (XRD)  measurements  were  performed 
using  an  Ultima  IV  X-ray  diffractometer  (Rigaku,  CuKa, 
A  =  1.54056  A).  The  microstructures  and  elemental  distribution  of 
samples  were  observed  by  transmission  electron  microscopy  (TEM, 
JEOL  JEM-3011  model,  300  kV)  and  scanning  transmission  electron 
microscopy  (STEM,  JEOL  JEM-ARM200F,  200  kV).  X-ray  photoelec¬ 
tron  spectroscopy  (XPS,  VG  Microtech  EDCA2000)  measurements 
were  performed  with  a  monochromatic  Mg  Ka  source  (1253.6  eV). 
The  elemental  compositions  were  determined  by  energy  dispersive 
X-ray  spectroscopy  (EDS)  using  an  EDS  analyzer  attached  on  a 
scanning  electron  microscope  (SEM,  JEOLJSM-7100).  Five  different 
spots  were  measured  to  obtain  averaged  composition  for  each 
sample. 

3.  Results  and  discussion 

We  synthesized  a  series  of  MnxCo3_x04  NP  samples  covering  the 
whole  range  of  the  solid  solution  Co304-Mn304.  There  have  been 
similar  studies  in  terms  of  the  coverage  of  the  composition  range, 
but  all  of  them  are  by  high  temperature  solid  state  reactions,  pre¬ 
cluding  their  characterization  as  electrocatalyst  materials  [21-23]. 
Some  members  of  the  solid  solution  have  been  synthesized  in  NP 
forms  and  investigated  as  electrocatalysts,  but  their  compositional 
coverage  is  fragmentary  [17,24]. 

Based  on  the  EDS  data,  the  samples  have  compositions 
MnxCo3_x04  (x  =  0.0,  0.4,  0.8,  1.4,  1.9,  and  3.0)  (Table  1).  The  for¬ 
mation  of  spinel  oxide  NPs  can  be  understood  as  a  result  of  a  series 

Table  1 

The  structural  and  electrochemical  characteristic  of  electrocatalyst. 


Sample  Crystallite  Lattice  Elemental  Electrochemical 

size  (nm)  parameter(nm)  composition  performance 

(at.  %)c 


Mn:Co 

a 

Current 
density1 
(mA  cm  2) 

Current 

retention 

(%)c 

0 

d 

17.2 

a 

=  0.815 

0:100 

— 

-1.10 

80.3 

x  =  0.4 

17.0 

a 

=  0.820 

13.4:86.6 

0.2 

-2.77 

87.1 

00 

d 

II 

X 

14.7 

a 

=  0.825 

25.4:74.6 

0.2 

-2.32 

75.9 

x  =  1.4 

11.0 

a 

=  0.828 

46.4:53.6 

0.4 

-1.89 

72.5 

x  =  1.9 

7.2 

a 

=  0.578, 

62.5:37.5 

0.6 

-2.09 

65.5 

c 

=  0.912 

x  =  3.0 

11.8 

a 

=  0.577, 

100:0 

— 

-0.22 

75 

c 

=  0.949 

Pt/C 

— 

— 

— 

— 

-4.15 

62.6 

a  Crystallite  size  of  samples  are  calculated  by  Scherrer  formula. 
b  Lattice  parameter  of  samples  are  determined  from  XRD. 
c  Elemental  composition  of  samples  were  determined  by  averaging  of  five 
different  spots  of  EDS  data. 
d  Current  density  of  samples  at  0.77  V  in  LSVs  plot. 

e  Current  retention  of  samples  were  obtained  by  current  normalization  before 
and  after  stability  test  for  1 0,000  s. 
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of  reactions  initiated  by  rupturing  the  chemical  bonds  of  H2O 
molecules  under  the  action  of  ultrasound  to  generate  H-  and  OH- 
radicals  [25,26].  Two  OH-  radicals  so  formed  are  combined  to  form 
a  H2O2  molecule  which  can  oxidize  a  divalent  cation  (M2+)  into  a 
trivalent  cation  (M3+).  The  metal  ions  so  generated  undergo  re¬ 
actions  with  water  molecules  to  form  oxide  or  hydroxide  com¬ 
pounds  [27  .  The  overall  reactions  may  be  expressed  as  in  the 
following  equations: 

))) 

H20  ->  H-  +  OH- 
H-  +  H  ■  H2 

OH-  +  OH-  H202 

2A2+  +  H2O2  -►  2B3+  +  20H~  (A2+  =  divalent  cation; 

B3+  =  trivalent  cation)  (4) 

A2+  +  2B3+  +  4H20  ^  ^  AB204  +  8H+  (5) 

Depending  on  the  nature  of  the  metal  ions  and  other  reaction 
parameters  including  pH,  especially,  the  final  product  may  change. 
In  the  present  system,  both  Mn  and  Co  can  generate  divalent  and 
trivalent  cations  and  the  pH  can  be  kept  high  by  the  OH-  ions 
generated  by  reaction  (4),  under  which  condition  spinel  oxide 
would  be  the  most  favorable  product. 

The  XRD  patterns  of  samples  in  Fig.  1  show  two  types  of  spinel 
phases  depending  on  the  composition.  When  the  Mn-content  is 
low  (0.0  <  x  <  1.4),  the  XRD  patterns  can  be  indexed  with  cubic  unit 
cells  whereas  tetragonal  phases  are  obtained  when  the  Mn-content 
is  high  (x  =  1.9  and  3.0).  Among  the  four  cubic  samples,  the  lattice 
parameter  is  gradually  increased  from  a  =  0.815  (x  =  0.0)  to 
a  =  0.825  nm  (x  =  1.4)  as  the  Mn-content  increases,  which  can  be 
explained  by  the  larger  ionic  sizes  of  Mn  than  Co  in  both  divalent 
and  trivalent  states.  This  trend  of  increasing  unit  cell  volume  is 
continued  in  the  tetragonal  phases.  By  using  the  Scherrer  equation 
on  the  widths  of  the  peaks  at  26  =  -36°,  (220)  peak  in  the  cubic 
phase  and  (211 )  peak  in  the  tetragonal  phase,  the  average  crystallite 
sizes  are  calculated  as  shown  in  Table  1.  The  crystallite  sizes  show  a 
general  trend  of  decrease  on  increasing  the  Mn-content  with  an 
upturn  between  the  last  two  members,  x  =  1.9  and  x  =  3.0  samples. 

Fig.  2  shows  TEM  images  of  MnxCo3_x04  samples.  The  low 
magnification  image  of  x  =  0.0  sample  (C03O4)  shows  that 
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Fig.  1.  XRD  patterns  of  MnxCo3_x04  samples.  Dash  line  indicates  the  (311)  peak  of 
C03O4. 


50-60  nm  sized  particles  are  dispersed  on  the  carbon  support. 
However,  the  high  magnification  image  in  Figure  SI  shows  that 
these  particles  are,  in  fact,  aggregates  of  much  smaller  NPs.  On  the 
contrary,  all  of  the  Mn-containing  (x  =  0.4-3.0)  samples  show  that 
individual  NPs  are  well-dispersed  on  the  carbon  support 
(Fig.  2(b— f)). 

The  reason  for  the  aggregation  of  NPs  observed  in  the  x  =  0.0 
sample  is  not  clear.  However,  since  such  aggregation  is  not 
observed  in  other  Mn-containing  samples,  it  is  obvious  that  the 
presence  of  Mn  prevents  the  formation  of  aggregation.  Further¬ 
more,  it  is  certain  that  the  aggregation  is  through  interaction  be¬ 
tween  Co  atoms  of  interacting  NPs  and  that  Mn  atoms  do  not  have 
such  a  property.  Therefore,  the  presence  of  Mn  increases  the  degree 
of  dispersion  of  NPs. 

STEM-EDS  elemental  mapping  of  x  =  0.4  sample  was  measured 
to  confirm  the  elemental  composition  and  homogeneity  of  man¬ 
ganese  and  cobalt  distribution.  Fig.  3(c,d)  show  that  manganese 
and  cobalt  are  homogenously  mixed  throughout  the  sample. 

The  XPS  spectra  of  Co  2p  and  Mn  2p  regions  on  the  four  cubic 
phase  samples  (x  =  0.0-1.4)  are  shown  in  Fig.  4.  The  Co  2p 
spectra  can  be  de-convoluted  into  those  of  Co3+  and  Co2+ 
(Fig.  4(a)).  As  the  Mn  content  increases,  the  intensity  of  Co3+  is 
gradually  decreased.  At  the  same  time,  the  intensity  of  Mn  2p3/ 
2  at  641.8  eV  is  increased  (Fig.  4(b)).  Unlike  the  Co  2p  spectra,  the 
positions  of  the  Mn  2pi/2  and  Mn  2p3/2  peaks  of  Mn2+  and  Mn3+ 
are  so  close  to  each  other  that  de-convoluting  the  peaks  into  the 
Mn2+  and  Mn3+  components  is  almost  impossible  (Fig.  4(b)). 
Fortunately,  most  of  the  literature  data  on  MnxCo3_xC>4  solid 
solution  in  both  bulk  state  and  NPs  show  that  Mn  is  present  as 
Mn3+  up  to  x  =  2.0  [23,28  .  Therefore,  we  can  conclude  that  the 
substitution  of  Co  in  C03O4  by  Mn  takes  place  exclusively  on  the 
trivalent  ions. 

From  detailed  analyses  of  neutron  diffraction  data  on  bulk 
phase  samples  of  MnxCo3_x04.,  Bordeneuve  et  al.  determined  the 
site  occupancies  and  oxidation  states  of  Co  and  Mn  ions,  which  are 
schematically  summarized  in  Figure  S2  [23].  Until  x  =  2.0,  the 
substitution  of  Co  of  by  Mn  takes  place  on  the  octahedral  site  to 
form  (Co2+)[Co3+2_xMn3+x]04.  A  fraction  of  the  Co3+-Mn3+  pairs 
in  the  octahedral  sites  undergo  internal  redox  reactions  to  pro¬ 
duce  Co2+-Mn4+  pairs.  The  extent  of  this  reaction  (a  in  Figure  S2) 
can  be  as  high  as  0.4  when  x  =  ~0.9.  At  x  =  2.0,  (Co2+)[Mn3+2]04  is 
obtained.  Beyond  this,  Co2+  ions  in  the  tetrahedral  site  start  to  be 
replaced  by  Mn2+  until  (Mn2+)[Mn3+2]C>4  composition  is  reached 
forx  =  3.0  sample.  The  increase  of  concentration  of  Mn3+  induces 
Jahn-Teller  distortion  from  the  ideal  octahedral  geometry  of 
C0O6.  Therefore,  the  structure  is  cubic  when  the  Mn-content  is 
low  (x  <  -1.3)  and  is  tetragonal  when  the  Mn-content  is  high 
(x  >  -1.3).  Our  XRD  and  XPS  data  generally  agree  with  their  re¬ 
sults.  Although  the  x  =  1.4  sample  is  indexed  as  cubic,  its  true 
structure  may  be  tetragonal  as  in  the  bulk  system.  However, 
because  of  the  broad  peaks  due  to  the  nanoparticle  nature  of  our 
sample,  it  is  impossible  to  decide  its  true  structure.  We  will  treat  it 
as  cubic  because  there  is  no  experimental  evidence  indicating 
otherwise. 

It  is  known  that,  in  the  electrocatalysis  of  spinel  oxides  for  ORR, 
the  ions  in  the  octahedral  sites  play  an  important  role  through  the 
involvement  of  their  d-orbitals  in  the  chemisorptions  of  O2  on  the 
surface  [17,29  .  Therefore,  the  change  of  composition  of  the  present 
MnxCo3_x04  NPs  will  be  reflected  in  their  ORR  activity. 

Electrochemical  properties  of  samples  were  measured  to  eval¬ 
uate  ORR  activity  in  0.1  M  KOH  by  using  rotating  disk  electrode 
(RDE)  measurements.  The  CV  curve  of  x  =  0.0  sample  in  N2  satu¬ 
rated  0.1  M  KOH  shows  the  characteristic  three  sets  of  redox  peaks 
of  cobalt  oxide  (Fig.  5(a)).  The  peaks  are  assigned  to  the  following 
reactions  [11  . 


(1) 

(2) 

(3) 
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Fig.  2.  TEM  images  of  MnxCo3_x04  samples  (a)  x  =  0.0,  (b)  x  =  0.4,  (c)  x  =  0.8,  (d)  x  =  1.4,  (e)  x  =  1.9  and  (f)  x  =  3.0. 


Fig.  3.  STEM-EDS  elemental  mapping  of  x  =  0.4  sample,  (a)  Image  of  selected  area,  (b)  EDS  spectrum,  (c)  Co  Ka  map  and  (d)  Mn  Ka  map. 
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Fig.  4.  XPS  spectra  of  cubic  phase  MnxCo3_x04  samples,  (a)  Co  2p  regions  and  (b)  Mn  2p  regions.  Dashed  line  indicates  the  peak  position  of  Mn 


3+ 


I/II  3Co2+  +  80H"  <-►  C03O4  +  4H20  +  2e~ 

III/IV  C03O4  +  OH“  +  H20~3CoOOH  +  e~ 

V/VI  CoOOH  +  OH"  ~Co02  +  H20  +  e~ 

Compared  with  the  first  two  sets  of  redox  peaks,  the  oxidation  of 
CoOOH  (peak  V)  is  much  more  pronounced  in  the  potential  range 
from  0.9  V  to  1.6  V.  The  reason  is  that  the  C03O4  surface  layer  is 
spontaneously  converted  to  CoOOH  in  alkaline  media  [11  .  Fig.  5(b) 
shows  the  CV  curves  of  other  Mn-containing  samples  (x  =  0.4-3.0). 
Interestingly,  the  oxidation  peak  of  C03O4  at  1.22  V  (peak  III  in 
Fig.  5(a))  disappears  with  the  addition  of  Mn  whereas  the  oxidation 
peak  of  Co2+  (peak  I)  still  exists  at  around  0.97  V.  This  indicates  that 
the  substitution  of  Mn  occurs  on  the  trivalent  site.  This  observation 
is  consistent  with  our  XPS  results  and  literature  data  in  that  the 
substitution  of  Mn  occurs  on  the  trivalent  site.  The  CV  curves  of  Mn- 
rich  samples  from  x  =  1.4  to  x  =  3.0  at  the  potential  range  from  0.8  V 
to  1.4  V  also  show  the  large  oxidation  peak  compared  with  the  Co¬ 
rich  samples  (x  =  0.4  and  0.8).  This  broad  peak  can  be  assigned  to 
the  oxidation  of  MnOOH  to  Mn02  [30]  due  to  the  increased  pro¬ 
portion  of  Mn3+  on  the  NP  surface.  This  peak  shows  a  positive  shift 
on  moving  from  x  =  1.4  to  x  =  3.0.  We  believe  that  the  peak  shift  is 
related  with  the  degree  of  Jahn-Tell  distortion  of  the  octahedral 
site.  Mn3+(d4,  high  spin)  ions  in  the  present  MnxCo3_x04  can  be 
stabilized  by  Jahn-Teller  distortion.  Therefore,  as  the  degree  of 
Jahn-Teller  distortion  is  increased  upon  increasing  x  in  the 
tetragonal  structure,  oxidation  of  Mn3+  to  Mn4+  becomes  more 
difficult,  explaining  the  observed  trend  in  Fig.  5(b)  [31  . 

The  ORR  properties  of  samples  were  investigated  by  LSVs  in  02- 
saturated  0.1  M  KOH,  and  are  compared  in  Fig.  5(c)  along  with  that 
of  a  commercial  Pt  C1.  Each  LSV  curve  shows  the  diffusion-limited 
region  at  potentials  below  -0.55  V  and  the  mixed  kinetic-diffusion 
control  region  at  0.55-0.95  V.  The  curves  of  the  cubic  phase 
(x  =  0.0-1.4)  samples  are  more  or  less  similar  with  one  another  and 
thus  are  grouped  in  the  upper  panel  of  this  figure.  All  of  them  show 
high  diffusion-limited  current  densities  (DLCDs)  of  ~5  mA  cm"2  and 
similar  slopes  in  the  mixed  kinetic-diffusion  control  region.  The 
two  tetragonal  samples  show  very  different  LSV  curves  (lower 
panel  in  Fig.  5(c))  from  those  of  the  cubic  samples.  They  have 
smaller  DLCDs  of  ~4  mA  cm-2.  Their  behaviors  in  the  mixed  kinetic- 
diffusion  control  region  are  also  different  from  those  of  the  cubic 
samples  and  are  also  very  different  between  them.  The  DLCD  de¬ 
pends  on  electron  transfer  number  (ORR  pathway)  as  well  as 
rotating  speed  of  RDE  [20  .  Therefore,  the  higher  ORR  current 
density  of  the  cubic  samples  indicates  that  they  have  a  more  effi¬ 
cient  ORR  pathway  than  the  tetragonal  samples.  To  verify  the 
different  ORR  pathways,  Koutecky-Levich  plots  of  samples  were 
obtained  from  LSV  curves  with  various  rotating  speeds  (Figure  S3). 
Figure  S4(a)  shows  that  the  cubic  samples  have  a  higher  electron 
transfer  number  (-4)  than  the  tetragonal  ones  (~3.5).  In  addition, 


the  slopes  of  the  cubic  samples  are  parallel  to  that  of  Pt/C  at  0.37  V 

(Figure  S4(b)). 

Conventionally,  the  half-wave  potential  (Ei/2)  is  used  in 
comparing  different  samples  for  ORR  activity.  In  the  present  case, 
however,  because  of  the  different  DLCDs  between  the  two  groups  of 
samples,  Ei/2  may  not  be  a  reliable  measure  to  compare  across  the 
groups.  Therefore,  Ei/2  will  be  used  for  comparison  within  a  group. 
Among  the  four  cubic  samples,  the  order  of  Ei/2  is  x  =  0.4 
(0.772  V)  >  0.8  (0.764  V)  >  1.4  (0.753  V)  >  0.0  (0.715  V).  Incorpo¬ 
ration  of  a  small  amount  of  Mn  (x  ~  0.4)  increases  Ei/2,  but  further 
increase  of  Mn-content  decreases  Ei/2.  Between  the  two  tetragonal 
samples,  the  one  with  Co  mixed  shows  a  much  higher  Ei/2  than 
pure  Mn304  (x  =  3.0). 

Generally,  detailed  mechanism  of  electrocatalysis  on  oxide 
materials  have  not  been  well  explored  yet.  Therefore,  explanation 
of  the  electrocatalytic  data  on  MnxCo3_x04  NPs  is  bound  to  be 
limited  and  often  speculative.  Nevertheless,  we  will  give  our  ex¬ 
planations  on  the  observed  data  on  the  ground  of  the  mechanism 
proposed  by  Suntivich  et  al.  [8].  From  a  systematic  study  on 
perovskite  type  oxides,  they  found  that  transition  metal  ions  with  a 
single  electron  in  the  eg  level  in  the  octahedrally  splitted  d-orbitals 
(or  e-level  when  the  surrounding  symmetry  is  lower  than  octahe¬ 
dral)  are  particularly  active.  The  e-electron  induces  weakening  of 
M-OH  bond  and  is  also  involved  in  coordinating  to  and  reducing 
02,  enabling  a  series  of  reactions  in  a  catalytic  cycle  to  work.  The 
single  e-electron  (e1)  configuration  can  be  realized  with  high  spin 
Mn3+  (t3ej)  and  low  spin  Co3+  on  surface  (tV;  surface  ionic  state  is 
different  from  the  bulk  configuration  t6e°).  According  to  this 
mechanism,  both  of  the  Co3+  and  Mn3+  ions  in  our  MnxCo3_x04 
system  can  be  catalytically  active. 

The  striking  different  ORR  properties  of  the  two  tetragonal 
samples  can  be  readily  explained  by  this  mechanism.  According  to 
the  site  occupancy  in  MnxCo3_x04  in  Figure  S2,  both  x  =  1.9  and  3.0 
samples  have  only  Mn3+  ions  in  the  octahedral  site.  Because  x  =  3.0 
sample  show  a  larger  tetragonal  distortion,  one  can  infer  a  stronger 
Jahn-Teller  distortion  of  the  coordination  environment  of  Mn3+  in 
this  sample  than  in  the  x  =  1.9  sample.  Jahn-Teller  distortion  on  a 
high  spin  Mn3+  means  stabilization  of  the  e1  electron.  Based  on  the 
catalytic  cycle  proposed  by  Suntivich  et  al.,  this  will  strongly 
disfavor  the  reductive  coordination  to  02  suppressing  the  ORR  ac¬ 
tivity.  Conversely,  the  higher  activity  of  x  =  1.9  sample  than  x  =  3.0 
sample  can  be  explained  as  due  to  the  small  degree  of  Jahn-Teller 
distortion,  destabilizing  the  e1  electron  by  an  appropriate 
magnitude. 

The  trend  of  ORR  activity  among  the  four  cubic  samples  appears 
to  be  much  more  involved.  According  to  the  site  occupancy  in 
Figure  S2,  the  change  of  x  means  substituting  catalytically  active 
Co3+  by  catalytically  active  Mn3+.  Unless  one  can  tell  which  one  is 
more  active  than  the  other,  it  is  impossible  to  predict  the 
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Fig.  5.  CVs  plots  of  (a)  x  =  0.0  sample  and  (b)  other  samples  in  N2-saturated  0.1  M  KOH  (scan  rate;  50  mV  s  :).  Each  inset  shows  the  magnified  CVs  curves,  (c)  LSVs  plots  of  samples 
in  02-saturated  0.1  M  KOH  (scan  rate:  10  mV  s-1, 1600  rpm).  (d)  Chronoamperometric  curves  of  samples  were  recorded  at  0.47  V  in  02-saturated  0.1  M  KOH  (1600  rpm,  10,000  s). 


consequences  of  the  substitution.  On  the  other  hand,  one  may 
include  other  effects  such  as  conductivity  and  surface  area.  The  bulk 
state  data  show  that  the  conductivity  increases  on  increasing  x  and 
then  decreases  after  peaking  at  x  =  ~1.2.  Based  on  the  decreasing 
trend  of  crystallite  size  with  the  increase  of  x,  one  may  infer  that  the 
surface  area  continuously  increases  with  x  within  the  cubic  region. 
With  these  two  factors  alone,  one  may  expect  the  ORR  activity  to 
increase  with  x  within  the  group  of  cubic  samples  or  the  ORR 
highest  activity  with  the  x  =  1.4  sample  which  is  the  highest  in 
conductivity.  Certainly,  there  must  be  an  additional  factor  that  in¬ 
fluences  the  activity  to  see  that  the  highest  catalytic  activity  is 
observed  with  x  =  0.4  sample.  Our  tentative  explanation  involves 
the  change  of  the  crystal  field  splitting  energy  with  the  composition 
in  Figure  S2.  In  order  to  activate  the  catalytic  cycle  involved  in  ORR, 
each  elementary  interaction  has  to  be  optimized,  not  maximized. 
As  the  lattice  expands  with  the  increase  of  Mn-content,  the  crystal 
field  splitting  energy  will  decrease.  Because  e-level  is  of  anti¬ 
bonding  character,  the  e-level  energy  will  be  lowered  with  the 
increase  of  x.  Assuming  that  the  appropriate  energy  level  of  the  e1 
electron  for  the  catalytic  cycle  is  high,  the  activity  per  site  will 
decrease  with  the  increase  of  x.  The  interplay  between  this  and  the 
two  factors  discussed  above  can  bring  in  the  observed  volcano-type 
overall  behavior  of  ORR. 

To  evaluate  the  stability  of  samples,  chronoamperometric  cur¬ 
rents  of  samples  were  recorded  at  0.47  V  for  10,000  s  as  shown  in 
Fig.  5(d).  The  current  retention  before  and  after  the  stability  test  of 
each  sample  is  summarized  in  Table  1.  All  samples  show  higher 
electrochemical  stability  than  Pt/C.  In  case  of  Pt/C,  surface  oxidation 
occurs  spontaneously  in  alkaline  media  and  the  Pt-OH  species  so 
formed  on  the  surface  leads  to  the  loss  of  active  sites  for  ORR 
[11,13,32  .  The  higher  stability  of  MnxCo3_x04  NPs  indicates  that 
there  is  no  such  reaction  on  them. 


4.  Conclusion 

In  summary,  we  synthesized  manganese  cobalt  spinel  oxide 
(MnxCo3_x04)  NPs  and  investigated  their  ORR  activity  in  alkaline 
media.  Sonochemical  reaction  method  provides  a  means  to  syn¬ 
thesize  samples  covering  the  entire  composition  range  and  enables 
one  to  see  the  effect  of  composition.  From  the  structural  and 
electrochemical  analyses,  we  found  that  the  substitution  of  Co  in 
C03O4  by  Mn  in  our  NP  samples  occur  in  the  similar  way  as  in  the 
bulk  samples  in  the  literature.  There  are  a  number  of  factors  that 
change  with  the  composition.  From  the  study  on  bulk  samples,  it  is 
concluded  that  the  Co3+  and  Mn3+  ions  in  the  octahedral  site  when 
x  <  2.0  undergo  internal  redox  reaction  to  produce  Co2+  and  Mn4+ 
pairs,  which  increase  the  conductivity.  The  electronic  states  of 
catalytically  active  ions  are  also  affected  by  the  composition  mainly 
because  Mn  is  larger  than  Co  and  that  Mn3+  favors  Jahn-Teller 
distortion.  Our  data  show  that  the  x  =  0.4  cubic  sample  has  the 
highest  ORR  activity  among  the  samples  studied.  It  also  shows 
enhanced  stability  over  that  of  Pt. 
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